The article describes the characteristics of water circulation in the coastal Lake Gardno. The water cycle is based on water balance data calculated for the period 2003-2007 concerning hydrological years, including the components of horizontal and vertical exchange. Due to the coastal location of the lake, particular attention was paid to the share of the seawater in the lake water cycle. It was found that the inflow of sea water accounts for 10% of the total inflow, while inflow from the land accounts for 86% of the total.
Introduction
Water exchange in lakes, which results in changes in reservoir retention, results from the dynamic water balance (Rockstrom 2013) . Changes in retention, however, are expressed through the variability of the water level (Bajkiewicz-Grabowska 2002) . Hence, the standard equation of a lake's water balance includes vertical and horizontal exchange streams, including the income components of atmospheric precipitation on the water surface (P), and surface and underground inflow of waters from the catchment (Hd), as well as water outflow components, which consist of evaporation from the water body surface (E) and outflow (Hw) . The balance equation is closed by the retention difference corresponding to the lake capacity change at the beginning and end of the balance period (Mikulski 1970a) .
However, today this is one of the least researched elements in hydrology. The existing water balance calculations concern mainly large lakes (Lichter 1995; Yin and Nicholson 1998; Zangh et al. 2016) . Smaller lakes are disregarded due to the lack of a monitoring system, which in turn is associated with the lack of sufficient data. Another reason is the complicated water cycle and the uncertainty respecting the number of components needed to calculate such a balance. This mainly applies to the coastal zone of seas and oceans. Here, apart from the elements that are permanent for all lakes (precipitation, evaporation, underground and surface inflow and outflow), new components appear (surface and underground intrusions of sea waters) (Appelo and Willemsen 1987) , for which there is often no reliable data. This is particularly true of groundwater inflow (Burnett et al. 2001) , with particular regard to saltwater intrusion (Recinos et al. 2015) .
Another problem is the difficulty in choosing a method for calculating evaporation. Recently some new approaches have appeared, e.g. using systematic isotopic patterns in surface waters (Gibson and Edwards 2002) . This method allows regional differences in losses caused by evaporation to be determined and has already been applied to different climatic conditions as well as geographical locations and altitudes (Gibson et al. 2016) . Another helpful solution is the use of mathematical and hydrological models. For example, studies on the development and application of monthly water balance models have been conducted since the 1940s. Monthly water balance models were initially introduced to assess the significance of selected parameters under various hydrological conditions. Current applications of water balance models are oriented in three main directions: reconstruction of catchment hydrology, climate change assessment and seasonal and geographical water demand patterns (Xu and Singh 1998) . In the case of constant measurements of water level changes, it is now possible to use satellite data that allows changes in water levels in the sea and lakes to be tracked (Crétaux et al. 2011) .
In the case of coastal lakes, which are also called transiently open/closed estuaries or sporadically closed and open lakes and lagoons (Jones et al. 2018) , the process of water exchange and its size is co-decided by the location of the reservoir in the coastal zone. Lake Gardno, which is the subject of research, lies on the coast of the South Baltic (Fig. 1) . The lake is a recipient of waters flowing into it from its total and immediate basin. The water reaches the lake in a natural or forced manner from the surrounding polders. In favourable air pressure conditions, seawater inflows into the lake as a result of intrusion. This is thanks to the mouth section of the River Łupawa which connects the lake with the sea. In this situation the composition of the lake's water balance is extended by an additional element, which is alimentation from the sea (Hm). The following equation represents its mathematical form:
where: P -atmospheric precipitation, E -evaporation from the water surface, Hd -surface and underground water inflow, Hm -seawater inflow, Hw -surface and underground water outflow, ΔR -retention difference
The connection of the lake with the main drainage base (the sea) determines the hydraulic contact of both water bodies, expressed in a synchronous course of fluctuations in the level of the lake and the sea. The way the sea affects the lake depends on the current difference in the water levels between them. Therefore, we may observe a phenomenon which supports the outflow of water from the lake as a result of high sea level (blocked discharge) or the creation of an inverted gradient and the flow of water from the sea towards the lake. In Lake Gardno, this provokes certain quantitative and qualitative repercussions. The role of the sea basin in shaping the water cycle in the lake boils down to the formation of outflow conditions from the lake or the real, periodically occurring share of sea water in the water balance.
In reference to the above, the paper aims to determine the structure of the water cycle in Lake Gardno, taking into account the volume of vertical and horizontal exchange streams. This involves a numerical specification of individual components taking part in the balance as well as an indication of the relations between them and seasonal fluctuations in the water level in the lake. It is primarily the recognition of the size of lake alimentation from the sea, indicating the periods in which sea waters have a decisive role in shaping the balance.
Methods
The water balance of Lake Gardno for the hydrological years 2003-2007 is presented. The estimation of its components was based on the selected meteorological and hydrological elements from the database of the Institute of Meteorology and Water Management PIB and a meteorological station in the village of Gać owned by the Institute of Geography of the Pomeranian Academy in Słupsk. The study uses daily data. The amount of atmospheric supply was determined based on the precipitation totals from the following stations: Ustka, Objazda, Smołdzino, Kluki, Izbica and Łeba. Evaporation from the water surface was calculated from the Davidov formula (Kossowska-Cezak and Bajkiewicz-Grabowska 2009). For this purpose, data from the coastland stations in Ustka and Łeba as well as from the station in Gać were used. The applied formula contained only two ). In the periods of full ice formation, the simplified Ostromęcki formula was used (E = 0.63d).
The volume of inflow of potamic waters to the lake was based on the daily values of the flow of the River Łupawa in the Smołdzino profile. Due to the lack of permanent hydrometric measurements on the other streams supplying Lake Gardno, their share in the water balance was omitted. The inflow to the lake was, however, supplemented with the discharge from five active polders located around the lake, as well as the lateral inflow from the immediate catchment, calculated from the monthly average outflows of the river subjected to hydrometric control (Łupawa). The volumes obtained in this way from the direct basin were reduced by the values of discharges from the pumping station to separate the gravity outflow from the forced one. Intrusions of marine waters into the lake were estimated for periods in which the level of the Baltic Sea in the Ustka port was higher than the level of the lake in Gardna Wielka. These periods were determined by comparing the level of both basins after reducing data to a common reference point -zero of the water gauge. This method was successfully used before (Mikulski 1970b; Mikulski et al. 1969; Balicki 1978) . To determine the volume of seawater inflow it was assumed that during the intrusion, the outflow of water from the basin is stopped (which increases its volume in the lake basin), and the surface of the lake does not change despite fluctuations in water levels (Weber 1973) . The inflow volume was obtained after deducting the atmospheric inflow, as well as the inflow from the lake basin and the immediate basin.
A lack of observed changes in the level of groundwater in the vicinity of Lake Gardno caused difficulties in determining underground alimentation and outflow. For this reason, it was considered that these components were balanced and thus were omitted. The outflow from the lake was calculated from the balance equation. Balance data was presented in three reference units: water volume [hm 
Study area
Gardno Lake is one of the few coastal lakes in the Polish zone of the Southern Baltic and the second largest. It is located within the limits of the Slovincian National Park, SNP (Słowiński Park Narodowy) in the geomorphological unit known as the Gardno-Łeba Lowland. The lake is surrounded from the south and west by the moraine of the Gardno lob, and from the north separated from the Baltic Sea by the sandy embankment of the Łeba Spit (Rotnicki 2008) . The eastern shore of the lake is formed by an inflow fan of the River Łupawa. The immediate surroundings of the lake are taken up by wetlands. Several rivers flow into the lake, the largest of which is the Łupawa. It creates a basin with an area of 925 km 2 , which almost entirely constitutes the catchment of the lake. Leaving the lake, the river breaks through the dunes and feeds into the main drainage base. This section was partially regulated in the 1970s, which is why it is often called a canal. At the junction of the canal with the sea there is a small seaport in Rowy. The remaining rivers flowing into the lake form its immediate catchment, with an area of 125.4 km 2 (Cieśliński et al. 2009 ). These include the Bagienica, Grabownica and Brodna rivers. The immediate catchment is also formed by polders cut by a network of drainage ditches: Gardna V, Gardna V-VI, Gardna VII and Gardna IX-X (Fig.  2) . The lake exibits a highly active hydrological system, manifesting itself through a high water exchange rate at the level 9.3 (Bogdanowicz and Cieśliński 2007) .
The lake is shallow. Its average depth is 1.3 m, and the maximum reaches only 2.6 m (Choiński 1991) . The bottom of the lake is flat, covered with mud and a layer of sediments with a thickness of 2.5 m. It covers an area of 2468 ha, constituting 20% of the immediate basin and is continuously shrinking. The surface of Lake Gardno is gradually being reduced due to overgrowth, the sediments delivered by the River Łupawa and aeolian processes. As a result, in its north-eastern part, Lake Smołdzińskie developed; its area is 28 ha, and average depth is 1.3 m.
Results
Lakes located in the coastal zone are also dynamic coastal systems, which may be susceptible to changes in catchment hydrology (Sadat-Nooria et al. 2016 ). This was demonstrated by the water balance studies carried out on Lake Gardno. It turned out that the state of retention of the Lake Gardno basin is determined by the horizontal water exchange, while the vertical phase plays a marginal role. Similar results were obtained for the neighbouring Lake Łebsko (Chlost 2009 (Chlost . 2016 ). In the period 2003-2007, the atmospheric exchange rate was balanced and amounted to several percents of the total volume of exchangeable water (Fig. 2) . On average, 673 mm of rain fell on the surface of the lake, supplying it with 16.609 hm 3 of water. The largest pluvial supply values were recorded in the warm season with the maximum in July and August . Low precipitation was recorded from February to April (Table 1) . The average evaporation value in the five-year study was 601 mm, which was 14.852 hm 3 of water. The ). The location of Lake Gardno in the surface drainage system (Drwal 1985; Bajkiewicz-Grabowska 2002) affects the amount of water taking part in the horizontal exchange of water. The location of the reservoir in the estuary section of the Łupawa means it is a recipient of almost the total volume of waters flowing from the river's basin. Therefore, it is evident that the inland water supply plays a dominant role in the lake's balance. In 2003-2007, this inflow amounted to 301.490 hm 3 of water (12 216 mm), corresponding to 85.7% of the exchanged volume. This was a similar result to the calculations of Balicki (1980) , who in this way estimated the lake alimentation to be 11 528 mm. The total volume on the land side was made up mainly of the River Łupawa, contributing on average 260.882 hm 3 of water per year (10 571 mm). In the total mass of lateral inflow, polder systems delivered an average of 11.854 hm 3 a year and the immediate catchment of 28.754 hm 3 (Fig. 3 ). In the annual system, fluctuations in the inflow of waters from the basin were associated with the hydrological regime of the River Łupawa. The most significant mass of water fell during the cold season, with the maximum in January (Tab. 1). At that time, an average of 31.020 hm 3 of water flowed into the lake (1 257 mm). The lowest volume, reduced by over 30% in relation to the winter climax, was reached in the spring and summer months, with a minimum in June. The inflow volume was then at the level of 20.501 hm 3 (831 mm). The estimation of sea-side feeding has become essential for the balance needs of Lake Gardno. The share of sea water in horizontal exchange was set at 10.5%, which is 33.791 hm 3 . The obtained results are 47% higher than those presented by Balicki (1978) for the years 1966-1970 (17.984 hm 3 ). It was assumed that the intrusion of seawater occurred only when the following conditions were met: the sea level exceeded the water level in the lake, and the volume of river inflow was smaller than the volume formed by the water layer during the periodically dominating sea level above the state of the lake. In this way, days with intrusions when the level in the sea exceeded the water level in the lake by 1-3 cm were eliminated.
According to the adopted assumption, in the period 2003-2007 the months with the highest preferences for inflow were October (12.7%) and December (11.8%), while the lowest number of intrusions of marine waters was recorded in March and April (4.5%). It follows that the inflows were most frequent in the months of autumn-winter storms, and the least frequent during the Fig. 3 . The average annual water balance of Lake Gardno (2003) (2004) (2005) (2006) (2007) period of outflow of meltwater. However, the volume of waters flowing in differed from the number of intrusions. In this case, the maximum volumes occurred in December (5.928 hm 3 ) and November (4.393 hm 3 ), and the lowest in August and May, when they did not exceed 1 million m 3 (Table 1 ). In the five-year study, the outflow from the lake, determined from the balance difference, accounted for approximately 96% of the balance expenditure side. On average, 338.025 hm 3 of water was discharged from Lake Gardno during the year, which corresponded to a layer of 13 697 mm per one unit of the lake surface. When considering individual months, the largest outflow occurred from November to April, covering almost 60% of the annual discharge. Its culmination was in February (37.748 hm 3 ). The smallest outflow was recorded in the months from May to September, i.e. a period of limited land supply. The minimum was recorded in May.
The obtained values of streams constituting the water balance of Lake Gardno showed that in the period 2003-2007 retention in the cold season was negative and in the summer half-year positive. This proves that despite the increased supply in the winter half-year, especially in February-April, water resources become depleted through increased outflow, leading to the minimum level of the lake in May (Fig. 4) . From that moment, water supplied to the lake from various forms of supply was retained, rebuilding resources which translated into an increase in its level. Ultimately, however, the average annual retention volume was negative, and the deficit was -0.987 hm 3 of water.
Discussion
An attempt to evaluate and quantify the water taking part in the circulation in the Lake Gardno basin was the subject of earlier studies by Balicki (1978) . Cieśliński (2011) also dealt with the size of the horizontal stream exchange. The obtained results correspond to those presented in this article, but they differ in details. This results from a different methodological approach to determining the components of the balance, as well as the adoption of a different research period. The high compliance concerns the fact that in the entire water balance atmospheric exchange plays a secondary role, while the potamic inflow determines the resources of the lake. A similar ratio of the components of the balance is represented by the neighbouring Lake Łebsko, although in a detailed comparison of the two lakes quite large discrepancies emerge (Chlost 2012) .
Differences also appear in the calculation of the inflow from the immediate catchment to Lake Gardno. Cyberski and Jędrasik (1992) . These values, however, do not have much significance in the overall balance of the tested reservoir. A more critical impact on the water cycle in the lake is exerted by the size of the marine intrusion and the impact of the sea in regulating the lake retention level by blocking the outflow. As previously indicated, the obtained results of the seawater supply to the lake are higher than those quoted by Balicki (1978) . The outlet part of the River Łupawa connecting both reservoirs and their parameters plays a fundamental role in the hydraulic contact of the lake and the sea. This section is approximately 1.2 km long, with a width ranging from 15 to 20 m, and even up to 36 m, a depth of up to 2.5 and an average drop of 0.3‰ (Bogdanowicz and Izydorek 2012) . Additionally, it is oriented towards the north-west, that is towards the winds from the western sector prevailing in this region. Hence, these parameters change quite often. It happens that as the result of storms the mouth of the channel in the fishing port in Rowy is entirely or partially obstructed by sand, as pointed out by Kunisch (1913) . In the years 2003-2007, the number of such events was as follows: total sanding -18 days, partial (one-sided navigable channel) -114 days, shallowing the entire width of the channel (hindering or preventing navigation -shallowing to 1 m deep) -191 days (BPR 2002 (BPR -2007 . Research carried out by the Maritime Office in Koszalin (UMwK 1967) showed that the full sanding of the Łupawa channel occurs mainly in the spring and summer, while partial sanding in the autumn and winter. Thus, this interaction did affect the general conditions of the water circulation in the lake.
Analysing the course of fluctuations in the level of water in the sea and Lake Gardno, there was a high annual, seasonal and daily interdependence. The coefficient of determination of the average monthly sea levels (Ustka) and the lake (Gardna Wielka) from the period 2003-2007 was very high and amounted to R 2 = 0.878. This shows a substantial correlation. It is difficult, therefore, to agree with Balicki's (1978) theorem that "water fluctuations of Lake Gardno are subject only to periodic influences of fluctuations in the states of the Baltic Sea" (page 90, lines 3-4). The obtained results indicate that the Fig. 4 . Average monthly changes in the Lake Gardno water level (2003) (2004) (2005) (2006) (2007) studied water bodies behave like communicating vessels. Only in certain periods, due to changes in hydrometeorological conditions, interrelationships weaken, but they never completely stop. An even higher correlation with the main drainage base is found in Lake Łebsko with the Pearson correlation coefficient of 0.932. In this case there was also a significantly higher share of sea waters in the lake's balance sheet, reaching almost 30% (Chlost 2012 ). This is due to two reasons: a much larger cross-section of the dampened canal connecting Lake Łebsko with the sea compared to Lake Gardno, and differences in elevation of the water level in lakes in relation to the sea level. In the period 2003-2007, for which balance calculations were carried out, these differences amounted to 13 cm for Lake Gardno and 7 cm for Lake Łebsko.
Conclusions
The balance of the volume of water taking part in the water cycle in coastal Lake Gardno indicated the dominant role of horizontal exchange in the lake. The streams of this phase change seasonally and dynamically, affecting the time needed to completely exchange water in the lake's basin and its hydrological system. While the crucial balance element is the potamic inflow, the main drainage base is of fundamental importance in shaping the water level in the lake. Its role is primarily to form conditions for the outflow of the lake. The neighbourhood and the connection of the lake with the Baltic Sea provide periodic intrusions of sea waters into the lake. Comparison of the volume of this component in the circulation of the waters of two closely located lakes of the coastal zone of the Polish coast (Gardno and Łebsko) emphasises its different share in the total balance of water reservoirs. The contribution of sea waters in the balance of Lake Gardno is almost three times smaller than in Lake Łebsko. This difference exposes the role of local conditions in creating the size of the inflow of marine waters to lakes. These include other parameters of canals connecting lakes with the sea, different location of lakes' water level in relation to the sea level, as well as other morphometric features of lake basins. The above conclusions indicate that each tank of this type should be balanced individually.
The hydraulic connection with the sea guarantees much more favourable conditions for full and quick water exchange than in the case of inland lakes. It means that the retention time in the lake basin is short. The rate of water exchange in Lake Gardno described by the ratio of the volume of water flowing out of the lake to its capacity, underlines the nature of hydrologically active reservoirs (Pasławski 1975 ). In the 2003-2007 balances, the exchange rate was 10.9, which equates to nearly eleven exchanges during the year.
